Abstract Acquired methemoglobinemia is a common, potentially fatal syndrome that can occur as a result of exposure to numerous xenobiotics. A case report of a 14-month-old female who developed methemoglobinemia following a dapsone ingestion. The child was treated with numerous boluses of methylene blue and ultimately required a continuous infusion of methylene blue. The common causes of methemoglobinemia, as well as the underlying pathophysiology, diagnosis, and treatment strategies are discussed.
A 14-month-old female infant presented to the emergency department (ED) with a chief complaint of cyanosis. The child had no significant past medical history and appeared normal throughout the prior day, except for some mild rhinorrhea and a single episode of non-bloody, non-bilious emesis the night prior to admission. An additional episode of emesis occurred the morning of admission. There were no other complaints, and the remainder of the review of systems was negative. The patient's mother noted cyanosis around the face and lips, prompting evaluation in the ED. The patient's room air oxygen saturation by pulse oximetry (SpO 2 ) was 87%, and a chest X-ray was negative. She was transferred to a pediatric tertiary care center for further evaluation of suspected congenital heart disease.
On arrival to the referral center, the child was noted to be tachycardic, tachypneic, and cyanotic in mild respiratory distress. The pertinent abnormal vital signs were a heart rate of 212 beats per minute and a respiratory rate of 48 breaths per minute. The SpO 2 on 15 L of oxygen administered via a non-rebreather mask was 88%. The remainder of the physical examination was unremarkable. The venous blood gas (VBG) drawn on arrival revealed a pH of 7.42, a pCO 2 of 30 mmHg, a pO 2 of 43 mmHg, HCO 3 of 18.8 mmol/L, and methemoglobin, "high." The initial venous blood drawn for the laboratory testing was noted to have a brownish hue. The hemoglobin concentration was 13.0 g/dL, and the remainder of the baseline complete blood count and comprehensive metabolic profile were normal.
Given the elevated methemoglobin fraction and clinical picture consistent with methemoglobinemia, the child received a 2-mg/kg IV bolus of methylene blue. The child's symptoms improved promptly and a repeat examination of the patient approximately 1 h later revealed an asymptomatic, playful child without cyanosis. A repeat VBG at this time revealed a methemoglobin fraction of 13.3%. The child was transferred to the PICU for further observation.
What Is the Pathophysiologic Basis for Methemoglobin Formation?
Methemoglobin may occur from many potential causes. Regardless of the cause or predisposing condition, the final pathway is similar: oxidation of deoxyhemoglobin, converting the ferrous (Fe 2+ ) ion in heme to the ferric (Fe 3+ ) valence. This oxidized species of hemoglobin is unable to bind to oxygen and instead binds to a molecule of water [1, 2] . Normally, when oxygen binds to deoxyhemoglobin, an electron is shared between the iron in heme and the oxygen molecule, thus, the iron is reversibly oxidized. When O 2 is released, the electron remains with the iron, returning it to the ferrous state. When oxygen dissociates from hemoglobin, it may sometimes remove the shared electron, leaving the iron in its oxidized ferric (Fe 3+ ) valence state. This process is referred to as auto-oxidation and is the same mechanism by which many xenobiotics can form methemoglobin. Since only reduced, ferrous (Fe 2+ ) iron is able to bind and carry oxygen, the oxidized methemoglobin (Fe 3+ ) must receive an electron from another source to restore its oxygen-carrying potential.
How Does the Body Regulate Methemoglobin Levels?
Red blood cells (RBCs) are more vulnerable to oxidative insult than other tissues in the body [3] . In RBCs, there are both major (95%) and minor (5%) pathways to reduce methemoglobin back to its oxygen-carrying state. Cytochrome-b 5 reductase (also known as NADH methemoglobin reductase) is the primary pathway involved in this reduction [1] [2] [3] [4] [5] . An additional enzyme, nicotinamide adenine dinucleotide phosphate (NADPH) methemoglobin reductase, is also capable of reducing methemoglobin; although its activity is quite limited during normal physiologic conditions, it becomes highly significant in the presence of methylene blue (see Fig. 1 ). While both of these enzymes ultimately reduce methemoglobin to deoxyhemoglobin, they obtain the electrons from different sources. Cytochrome-b 5 reductase utilizes NADH formed in glycolysis as an electron donor to "replace" ferric iron's missing electron. In contrast, NADPH methemoglobin reductase utilizes NADPH formed by the hexose monophosphate shunt by the enzyme glucose-6-phosphate dehydrogenase (G6PD) to reduce methylene blue to leukomethylene blue, which in turn donates an electron to reduce methemoglobin [6] . As discussed below, a deficiency in G6PD has important implications for the treatment of methemoglobinemia [1, 4] .
As non-enzymatic antioxidants, ascorbic acid, reduced glutathione, flavin, cysteine, and tetrahydropterin can also play small roles in the reduction of methemoglobin [3] . Methemoglobin is always present to some degree in equilibrium with deoxyhemoglobin; the reduction of methemoglobin occurs at approximately 15% per hour [3] . For instance, assuming no further oxidant stress, an individual with a methemoglobin fraction of 20% would be expected to have a methemoglobin fraction of 17% 1 h later. The decline in methemoglobin concentrations follows first order kinetics [3] .
Methemoglobinemia occurs when the formation of methemoglobin (via auto-or xenobiotic-induced oxidation of hemoglobin) occurs at a faster rate than cytochrome-b 5 reductase, and other non-enzymatic pathways can reduce it back to deoxyhemoglobin [1, 2, 7] . Auto-oxidation from O 2 forms a baseline methemoglobin fraction of approximately 0.5% [4] . An abnormally elevated methemoglobin fraction is generally defined as greater than 1% [3, 8, 9] . Some oxidizing agents may increase methemoglobin formation by up to 1,000 times [1] . While an absolute concentration of 5 g/dL of deoxyhemoglobin must be present for cyanosis to occur, only 1.5 g/dL of methemoglobin must be present to develop cyanosis (approximately equal to 10-15% methemoglobin in a patient with normal hemoglobin levels) [1, 8, 10, 11] . Clinically, skin and mucous membrane cyanosis may also develop a brown hue as the methemoglobin fraction increases [8] . It is important to realize that patients with baseline functional anemia (e.g., sickle cell anemia or carboxyhemoglobinemia) will become symptomatic at lower methemoglobin fractions [1] . In addition to decreased arterial blood oxygen content, as methemoglobin fractions increase greater than 10%, there is a left shift of the oxygen dissociation curve leading to an impaired unloading of oxygen at the tissue level [1, 2, 4, 7, 9] . hemoglobin concentrations would be expected to have a few symptoms due to the presence of adequate functional hemoglobin, while an anemic patient with a similar fraction may be quite symptomatic [8] . Some patients have been reported to remain asymptomatic with methemoglobin fractions as high as 30-40% [7] . Morbidity and mortality at higher levels are generally a function of resultant tissue hypoxia. Headache, fatigue, and exercise intolerance can be expected with methemoglobin fractions 20-30%, while fractions greater than 50% may cause seizures, cardiac dysrhythmias, and death [1] . Levels exceeding 70% are commonly lethal. One retrospective review found that most patients with methemoglobin greater than 8% were symptomatic, although most of the patients in the review had underlying anemia [1] . Besides anemia, the presence of other abnormal hemoglobins and comorbidities, such as underlying cardiac or pulmonary disease, sepsis, and acidosis, can significantly worsen the clinical picture for a given methemoglobin fraction [1, 11] . Gastroenteritis and dehydration may also place younger children at risk for methemoglobin production [1] .
What Are the Causes of Congenital Methemoglobinemia?
Certain conditions may predispose patients to methemoglobinemia due to a relative deficiency in their endogenous ability to reduce methemoglobin. In general, infants have up to 60% decreased activity of cytochrome-b 5 reductase compared to adults until about 4 months of age, making them predisposed to methemoglobinemia [3, 10, 12] . Additionally, neonates suffering from gastroenteritis may have increased nitrite formation in the gut [3, 12] and fetal hemoglobin is also more readily oxidized to methemoglobin [8] . Along with congenital heart disease, methemoglobinemia should be on the differential diagnosis of cyanosis in early infancy. Oxidizing xenobiotics should be avoided in a patient with known congenital predisposition to methemoglobinemia. Notably, while the presence of G6PD deficiency has implications in the treatment of methemoglobinemia (e.g., hemolysis with methylene blue exposure), G6PD deficiency itself does not cause methemoglobinemia [8] .
Hemoglobin M disease (HbM) is an autosomal dominant disorder characterized by a single amino acid substitution in α-or β-globin [3] . Heme is normally bound via histidine to the globin chain. When histidine is replaced with tyrosine as in HbM, the heme moiety more readily auto-oxidizes creating the ferric (Fe 3+ ) state [12] , which predisposes to methemoglobinemia in the presence of oxidizing substances [8] . Individuals who are heterozygous for HbM and normal hemoglobin will likely present with cyanosis at birth or within the first 6 months of life [10] . Homozygous states are thought to be incompatible with life [3, 8] .
A deficiency in either enzymatic reducing pathway may also predispose to formation of methemoglobin. A homozygous deficiency in cytochrome-b 5 reductase may create a baseline of 10-50% methemoglobin fraction due to a reliance on the NADPH methemoglobin reductase and non-enzymatic pathways to reduce methemoglobin [8] . In fact, levels as high as 40% may be well tolerated, although the patient may remain with a persistent blue-brown cyanosis [8] . Heterozygous individuals may still only develop clinically significant methemoglobinemia under oxidative stress, albeit with a lower threshold [8] . There are several forms of cytochromeb 5 reductase deficiencies: type 1 is a less severe enzyme deficiency observed only in erythrocytes while individuals with type 2 appear to have a deficiency in all tissues [10, 13] . A type 2 deficiency leads to a progressive neurologic deterioration and death in the first few years of life [10] . A patient may also be deficient in cytochrome-b 5 itself (type 4); all of these deficiencies appear to be inherited in an autosomal recessive pattern [3, 10] . Previously, a type 3 deficiency was also described; a subsequent investigation demonstrated that the type 3 deficiency was the same as a type 1. [14] Given the relatively minor contribution of NADPH methemoglobin reductase in endogenous methemoglobin reduction, a deficiency in this enzyme by itself is not expected to cause a clinically significant methemoglobinemia. Notably though, these patients do not respond to methylene blue when used as a treatment for methemoglobinemia [3] .
What Are the Causes of Xenobiotic-Induced Methemoglobinemia?
A number of stressors, particularly oxidant stress from various xenobiotics, can overwhelm the normally functioning reducing capabilities of cytochrome-b 5 reductase and other cellular systems [1] . This would be especially true in the setting of a deficient enzymatic reducing system as described above. Both chronic and acute illness as well as underlying comorbidities may also predispose the development of methemoglobinemia. While certain xenobiotics are capable of directly oxidizing ferrous (Fe 2+ ) iron to its ferric (Fe 3+ ) state, some of these act indirectly and must first be metabolized [2, 4] . Many cases of clinically significant methemoglobinemia involve the cumulative effect of various stressors, with or without a predisposing congenital condition. Comprehensive reviews of acquired etiologies of methemoglobinemia have been previously published [1, 3, 8] . Some of the more commonly encountered agents are presented below.
Dapsone and Sulfamethoxazole
Dapsone is a medication commonly used as a second-line agent behind sulfamethoxazole-trimethoprim (SMX-TMP) for prophylaxis and treatment of Pneumocystis jirovecii pneumonia in HIV patients, and is a relatively common cause of methemoglobinemia [3, 5, 12] . In one retrospec-tive review of acquired methemoglobinemia in an academic teaching hospital, dapsone was the most commonly identified cause of methemoglobinemia [1] . Dapsone is also used as a purported aphrodisiac [15] and as a treatment for leprosy [16] . Methemoglobinemia occurs indirectly via a metabolite formed by oxidative metabolism of dapsone in the cytochrome P450 system. This dapsone hydroxylamine metabolite is responsible for the actual oxidation of hemoglobin to methemoglobin [5, 15] The long half-life of this metabolite explains the prolonged duration of methemoglobinemia as well as the frequent need for repeated doses of methylene blue following dapsone exposure. Cimetidine's inhibition of the P450 isoenzymes responsible for dapsone metabolism (CYP3A4) explains its efficacy in the treatment of dapsone-induced methemoglobin [3] . In addition to methemoglobinemia, other adverse effects include doserelated hemolysis, peripheral neuropathy, and various idiosyncratic reactions, including hypersensitivity similar to SMX [12] . Both drugs have para-amino groups metabolized to a nitroso group via a hydroxylamine metabolite. While both dapsone and sulfonamides may cause methemoglobinemia, the hydroxylamine metabolite of SMX is significantly less potent than dapsone hydroxylamine for inducing methemoglobinemia in vitro [1, 5] . The concomitant use of SMX-TMP may increase serum dapsone concentrations, thereby increasing the risk of methemoglobinemia [12] .
Local Anesthetics
The local anesthetics benzocaine, prilocaine, lidocaine, and tetracaine indirectly oxidize hemoglobin to methemoglobin after they are first hydrolyzed to their corresponding amine metabolites [2, 3] . Cetacaine® (benzocaine 14%/ tetracaine 2%), EMLA® (lidocaine 2.5%/prilocaine 2.5%), and Hurricaine® (benzocaine 20%) are other commonly encountered preparations that have been reported to cause methemoglobinemia [1, 17, 18] . Topically, these agents rapidly enter the bloodstream through mucosal surfaces and are used for endotracheal intubation, transesophageal echocardiography, esophagogastroduodenoscopy, treatment of teething pain in infants, and in various topical anesthetic creams [6] . Benzocaine spray (20%) is a common cause of serious methemoglobinemia with a mean peak methemoglobin fraction of 43.8% in one series [1, 6] . Despite the manufacturer's recommendations of spraying the local anesthetic for less than 1 s, this recommendation is not commonly heeded, which can result in methemoglobin formation following a single spray [1, 2] . It is not currently possible to predict which patients are susceptible to the formation of methemoglobinemia from these agents [2] . Lidocaine-induced methemoglobinemia is relatively rare, although younger children exposed to large doses are thought to be most susceptible [2] .
Nitrites/Nitrates, Nitroglycerin, and Nitric Oxide Exposure to nitrites and nitrates can occur in a number of settings. Silver nitrate may be used for the treatment of burns while sodium nitrite is employed in the treatment of cyanide toxicity with the goal of inducing methemoglobinemia [1] . Amyl nitrate ("poppers") and isobutyl nitrite are potent vasodilators that may be used as drugs of abuse or as aphrodisiacs [1, 3, 15] . Most cases of nitrate-induced methemoglobinemia are reported in young infants being fed nitrate-contaminated well water. In the gut, bacteria convert dietary nitrates to nitrites, which in the setting of an immature methemoglobin reducing mechanism, predisposes this patient population [3, 8] . Despite prior reports describing methemoglobin fractions up to 9.6% associated with nitroglycerin infusion, the infusion rates used were up to three to ten times the normal rate [7, 19, 20] . A more recent series found no significant increase in methemoglobin fraction with infusion rates up to 2.12 μg/kg/min [7] . Nitric oxide (NO) is used as an inhaled vasodilating agent that is selective for the pulmonary vasculature. In children with underlying congenital cardiac disease being treated with inhaled NO, a statistically significant, dose-related rise in methemoglobin fractions was noted, but this did not appear to be clinically significant since the highest methemoglobin fraction measured was 3.9%, and there was no significant increase in mortality [11] .
Other Xenobiotics
Hydrazines are compounds that can cause methemoglobinemia as well as seizures, hepatic injury and hemolysis. They are commonly found in jet fuels as well as some pharmacologic agents and in monomethylhydrazine containing mushrooms such as Gyromitra esculenta (false morel). Aniline and its derivatives, including phenazopyridine, may also cause clinically significant methemoglobinemia [1, 3] . Like dapsone, aniline may cause persistent methemoglobinemia despite methylene blue therapy [3] . Metoclopramide has been reported to cause methemoglobinemia in patients with renal failure [1, 21] . Industrial exposure to arsine gas and naphthalene in mothballs both can cause hemolysis in addition to methemoglobinemia [3] .
What Diagnostic Studies Should Be Performed When Considering Methemoglobinemia?
The consideration of methemoglobinemia on a differential diagnosis of cyanosis or hypoxia is imperative. In the setting of an unclear clinical picture, the appearance of a blood sample may be helpful, although it is not diagnostic. Blood from a patient with methemoglobinemia may appear to have a chocolate-brown color that does not change with exposure to air while normal venous blood would be expected to change to a bright red color when oxygen is bubbled through it [4, 7, 8] . The Kronenberg's "red-brown" test is a relatively simple, yet subjective, test involving placement of a drop of blood on a filter paper next to a drop of normal blood. Samples containing methemoglobin fractions >10-15% are expected to appear brown compared to normal blood [2, 7, 22] .
Arterial Blood Gas and Co-oximetry
Co-oximetry evaluation should be ordered for any patient with suspected methemoglobinemia. Most commercially available laboratory co-oximeters shine at least four different wavelengths of light through a hemolyzed blood specimen to determine fractions of various hemoglobins, including methemoglobin, sulfhemoglobin, and carboxyhemoglobin. Abnormal hemoglobin species generally result in falsely elevated calculated oxygen saturation values on blood gas analysis [3] . Methemoglobin fractions may rise during storage at room temperature or after frozen storage and subsequent thawing of blood specimens prior to co-oximetric studies [23, 24] . In one study, methemoglobin levels in frozen-thawed samples rose progressively from 1.8% 6 h after thawing, to nearly 11% 6 days after thawing [23] . It is important to understand that values reported by co-oximetry and commonly referred to as "levels" are actually percentages of the total hemoglobin concentration, not absolute concentrations of methemoglobin in the blood, making them difficult to correlate with symptom severity. Also, many co-oximeters may detect sulfhemoglobin and report it as an elevated methemoglobin fraction [3] . Once a methemoglobin fraction is known, the determination of the actual blood concentration of methemoglobin (grams per deciliter) can be determined by multiplying the measured hemoglobin concentration.
Conventional Pulse Oximetry
Pulse oximeters function by shining a red light and a nearinfrared light through tissue, and subsequently measuring these lights at a detector. Because deoxyhemoglobin and oxyhemoglobin deflect light differently, the sensor is able to calculate the degree of deflection and calculate a saturation. Importantly, pulse oximetry does not measure methemoglobin. However, because methemoglobin does interfere with the deflection of these two beams, the pulse oximetry "misinterprets" this discrepancy as hypoxemia. A plateau exists, where despite increasing methemoglobin requirements, a saturation by pulse oximetry (SpO 2 ) of~85% is reported, regardless of the true oxygen status [9, 13] .
When SaO 2 values are known, a calculated oxygen saturation gap (SaO 2 -SpO 2 ) may be determined. In the setting of methemoglobinemia, one would expect an elevated gap due to falsely decreased SpO 2 values [1, 2] . Importantly, methylene blue significantly alters pulse oximetry measurements of SpO 2 following its administration [9] . Following methylene blue administration, the SpO 2 may be as low as 65% and can persist artificially low for 1-2 min [25] .
Pulse Co-oximetry
Pulse co-oximetry is a newer technology that uses multiple LED wavelengths to attempt to noninvasively measure methemoglobin (and carboxyhemoglobin) fractions [9] . In a study examining the accuracy of a currently available pulse co-oximeter (Masimo Rainbow SET® Radical-7), as the true SaO 2 decreased to <95%, the absolute methemoglobin fraction measurements may be overestimated by as much as 10-40% [9] . This inaccuracy may be improved on subsequent models of the machine [26] . Like conventional pulse oximetry, increased methemoglobin fractions lead to falsely decreased SpO 2 measurements that underestimate the true SaO 2 [1, 9] .
(NADH) Cytochrome-b 5 Reductase Activity and Hemoglobin Electrophoresis
In the setting of unexplained methemoglobinemia or lack of response to methylene blue, one should consider the diagnosis of an enzyme deficiency or a presence of an abnormal hemoglobin species. Specifically, cytochrome-b 5 reductase activity [2, 27] may be determined as well as hemoglobin electrophoresis examining specifically for HbM [2, 10] . Enzyme activity is determined by measuring the oxidation of NADH at a wavelength of 340 nm by spectrophotometry [10] .
Case Continuation
Further discussion with the family revealed that the child lived with her parents and older siblings and there have been no sick contacts. The only medications in the home were acetaminophen, ibuprofen, and ampicillin. The mother denied giving the child any teething solutions or other home remedies and stated that the family receives drinking water from a municipal source.
A comprehensive urine drug and volatiles screen utilizing thin layer chromatography and gas chromatography/mass spectrometry (GC/MS) was positive only for acetone. Given the apparent lack of exposure to xenobiotics known to precipitate methemoglobinemia, a working diagnosis of methemoglobinemia precipitated by emesis in the setting of possible heterozygous NADH methemoglobin reductase deficiency was made.
The following morning, a repeat methemoglobin fraction of 20.9% was obtained. Despite repeated boluses of methylene blue (0.5-1 mg/kg IV) the child's methemoglobin fraction remained elevated with levels ranging from 11.1% to 19.1% over the next 24 h. She received a total of five additional doses of methylene blue, and an initiation of a methylene blue continuous infusion was considered.
Given the refractory methemoglobinemia without a clear etiology, a second comprehensive urine drug screen was sent, and the results of the initial urine sample were reexamined. A selective ion search resulted in the detection of dapsone in both the initial and repeat urine samples.
The child was started on a continuous infusion of methylene blue at 1 mg/h, with titration based on serial co-oximetry studies. Cimetidine was started and was scheduled every 6 h. Over the subsequent 48 h, the child's methemoglobin fraction remained 8.0-18.1%.
What Is GC/MS? How Does It Work?
Gas chromatography/mass spectrometry involves the combination of two separate analytical techniques, and has become the criterion standard for drug detection. Gas chromatography permits the separation of a complex mixture with subsequent sequential presentation of the constituent parts to the analyzer, the mass spectrometer [28] .
When used in comprehensive drug testing, the test sample, which is usually urine or blood, is inserted into an injection port on the gas chromatograph. The liquid is subsequently heated, thereby converting the unidentified chemicals to the gaseous form. The chemicals then move into a long chromatography column, where they are separated based on volatility. Those chemicals with lower volatility will separate out last, while those with higher volatility will separate out first.
As the chemicals leave the gas chromatograph, they enter the mass spectrometer for analysis. Upon entry into the mass spectrometer, the chemical is struck with electrons, causing the chemicals to become fragmented and ionized. A detector subsequently counts the number of ions at a particular mass, which ultimately results in the creation of a mass spectrum. Because each chemical produces a unique mass spectrum and chromatographic retention time, identification of each chemical is possible.
What Are Reasons Why a Particular Drug May Not Be Detected on GC/MS and How Can Selective Ion Searching Help?
A drug may not be detectable on GC/MS for several reasons. First, if a drug or its metabolites are not water soluble or have no renal excretion, they will not be found in a urine sample. Second, the drug needs to be able to be extracted in an organic solvent to be detectable. Furthermore, some drugs are not volatilizable, while some others require a long duration of exposure to very high temperatures in order to be volatilized. Because of strain on the gas chromatograph's column, the technician frequently will only keep the column at very high temperatures (e.g., 300°C
) for a short span of time. Thus, if a drug has a particularly long retention time, it might not be detected with a routine analysis. Other drugs may decompose at high temperatures, which would limit the ability to detect the molecules. Furthermore, drugs of very small size are likely to not be detected, as most mass spectrometers are set to detect molecules above a certain molecular weight, to avoid interference with the helium used in the gas chromatograph. Lastly, certain characteristics of the gas chromatograph's column itself may not permit analysis of drugs with certain chemical characteristics (e.g., those with a large number of hydroxyl groups may not lend themselves to easy detection).
There is often some background interference when interpreting a GC/MS reading. Thus, if a drug is present, yet produces only a small spike on the mass spectrograph, it may be difficult to distinguish the spike from background interference. By looking for the unique pattern observed with a particular drug, selective ion searching may aid in identifying a suspected toxin when present in small concentrations. This technique may be useful if the clinician has a priori suspicion of a specific toxin.
What Are the Treatment Options for Methemoglobinemia?
Treatment of methemoglobinemia should be guided based on the severity of the condition and the underlying comorbid medical conditions. Methylene blue has traditionally been considered to be the primary antidote used to treat methemoglobinemia [8, 29] . Depending on the clinical scenario, however, other treatment options may include cimetidine, exchange transfusion, N-acetylcysteine, and hyperbaric oxygen.
Methylene Blue
Methylene blue (tetramethylthionine chloride), is a thiazine dye that not only stimulates the hexose monophosphate shunt, but subsequently accepts electrons from NADPH and becomes reduced to leukomethylene blue via the enzyme NADPH methemoglobin reductase [8, 30, 31] . Leukomethylene blue, in turn, reduces methemoglobin to hemoglobin. The initial dose of methylene blue is 1-2 mg/kg of a 1% solution, administered intravenously over 5 min [8] . Additional doses of 1 mg/kg can be administered as needed for persistent methemoglobinemia, although the maximal total recommended dose is 7 mg/kg. Refractory cases may warrant a continuous infusion [32] .
There are several scenarios in which methylene blue may be ineffective in the treatment of methemoglobinemia. Because NADPH production is necessary in the formation of leukomethylene blue, patients who are deficient in glucose-6-phosphate dehydrogenase (G6PD), the first enzyme in the hexose-monophosphate shunt, may not respond well to methylene blue. Furthermore, because of the potential to induce oxidant stress and subsequently exacerbate hemolysis in these patients, the use of methylene blue is considered at least relatively contraindicated in this patient population. Some have suggested that small doses (<1 mg/kg) can be cautiously attempted [31, 33] . Similarly, patients who are deficient in NADPH methemoglobin reductase will not improve following therapy with methylene blue. Lastly, methylene blue will be ineffective if the underlying etiology is not methemoglobinemia, but rather sulfhemoglobinemia.
Methylene blue can be associated with several adverse effects, especially at higher doses. Chest pain, shortness of breath, tremor, and dysuria have all been described following methylene blue administration [8] . Furthermore, at doses exceeding 4 mg/kg, methylene blue can itself serve as an oxidant stress, and thus produce further methemoglobinemia and hemolysis [8, 31] . Patients with G6PD deficiency may develop hemolysis at lower doses.
Cimetidine
Dapsone is metabolized via CYP3A4 to form several metabolites, including dapsone hydroxylamine. Cimetidine, an H 2 -receptor antagonist, inhibits CYP3A4, and should thus be considered for patients with dapsone-induced methemoglobinemia [34, 35] .
Miscellaneous Therapies
For patients with life-threatening methemoglobinemia in whom methylene blue is contraindicated or ineffective, exchange transfusion may be required [8, 36] . Hyperbaric oxygen can be used as a temporizing measure, but should not be viewed as a definitive therapy [37] . Due to its antioxidant effects, N-acetylcysteine has been investigated in several studies as a treatment of methemoglobinemia. While efficacy was demonstrated in an in vitro model [37] , such benefit was not observed in a volunteer study of subjects with nitrite-induced methemoglobinemia [38] .
Case Conclusion
Over the next 24 h, the methylene blue infusion was discontinued, and the child's methemoglobin fraction remained elevated at 5-6%. Send out laboratory studies for nitrite/nitrate exposure and for unstable hemoglobin were negative. Methemoglobin reductase levels were sent, but unfortunately laboratory error prevented their completion. The patient's parents repeatedly denied any known means of possible exposure to dapsone. She remained asymptomatic and was subsequently discharged to home in the care of her parents. The source of dapsone was never discovered. The case was investigated for a potential child abuse, but no clear source was identified, and the child was released to the parents.
